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b-Branched Morita–Baylis–
Hillman adductsAbstract A N-heterocyclic carbene (NHC) catalyzed addition reaction of 3-trimethylsilyl
propiolate with aldehydes has been developed. Under the catalysis of 2 mol% NHCs, benzaldehyde,
furfural, b-naphthaldehyde, meta- and para-substituted aromatic aldehydes reacted with 3-trimeth-
ylsilyl propiolate to afford b-acylated MBH adducts in good yield with excellent stereoselectivity.
While ortho-substituted benzaldehydes coupled with 3-trimethylsilyl propiolate to give alkynylation
products as the sole products under the same reaction conditions.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The Morita–Baylis–Hillman (MBH) reaction is an atom-eco-
nomic and highly efﬁcient reaction for the synthesis of
multifunctionalized oleﬁnes involving the addition of a,b-
unsaturated carbonyl compounds to aldehydes, which was
usually catalyzed by nucleophilic organocatalysts such as ter-
tiary amines or phosphines [1–3]. Owing to the signiﬁcance
of MBH adducts in synthetic chemistry, considerable efforts
have been made to develop catalytic method for the MBH
reaction. However, the reaction still has some inherent
limitations, i.e., the accommodation of b-substituted a,b-unsaturated carbonyl compounds for these coupling reactions
is still a challenge. Therefore, the development of alternative
methods for the synthesis of b-branched MBH adducts is
desirable [4–9].
As an important class of organocatalyst, N-heterocyclic
carbenes (NHCs) have been applied widely in organic transfor-
mations based on their ambiphilicity, nucleophilicity or basi-
city [10–12]. Recently, we and other groups found that
NHCs can be used as efﬁcient catalysts to activate silylated re-
agents to promote a series of important reactions such as
Mukaiyama aldol reaction [13,14], hydrophosphonylation
[15,16], silyl-Reformasky reaction [17,18] and other reactions
[19,20].
In line with our continuing interest of NHC chemistry, we
proposed that NHCs could be utilized as nucleophilic catalysts
for activating carbon–silicon bond in 3-trimethylsilyl propio-
late to promote the alkynylation of aldehydes. In this commu-
nication, we would like to report a NHC-mediated coupling
reaction of 3-trimethylsilyl propiolate with aldehydes, giving
b-acylated MBH adducts or alkynylation products respectively
under different conditions.
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2.1. Materials and physical measurements
Unless otherwise indicated, all reactions were conducted under
nitrogen atmosphere in oven-dried glassware with magnetic
stirring bar. Column chromatograph was performed with silica
gel (200–300 mesh) and analytical TLC on silica gel 60-F254.
1H NMR (400 MHz), 13C NMR (100 MHz) spectra were re-
corded on a Varian Inova-400 spectrometer in CDCl3, with
tetramethylsilane as an internal standard and reported in
ppm (d). All starting materials were obtained from commercial
supplies and used as received. Anhydrous THF, toluene were
distilled from sodium, Anhydrous DCM and DMF were dis-
tilled from calcium hydride. Petroleum ether (PE), where used,
has a boiling range of 60–90 C.
2.2. General procedure for the preparation of b-acylated MBH
adducts and propargylic alcohols
IPr (2.4 mg, 0.006 mmol) was dissolved in 1.0 mL dry CH2Cl2
and cooled to 20 C, then aldehyde (0.3 mmol, 1.0 eq) and a-
trimethylsilylethylacetate (55 ll, 0.3 mmol, 2.0 eq) were loaded
via a syringe under N2. Subsequently the reaction solution was
stirred until full consumption of the starting aldehyde indi-
cated by TLC, then the reaction mixture was concentrated un-
der vacuum. The crude product was puriﬁed through ﬂash
column chromatography (silica gel, PE–EtOAc, 80:1–60:1) to
give the desired products.
2.3. Physical data of synthesized compounds
2.3.1. (Z)-ethyl-4-(4-chlorophenyl)-2-((4-chlorophenyl)(trime-
thylsilyloxy)methyl)-4-oxo–but-2-enoate (10a)
Prepared according to general procedure andpuriﬁedby chroma-
tography on silica gel (PE–EtOAc, 80:1) to afford 10a as a yellow
oil, 61 mg, yield: 90%. 1H NMR (400 MHz, CDCl3) d 0.03 (s,
9H), 1.00 (t, J= 7.1, 3H), 3.86–3.98 (m, 2H), 5.53 (d,
J= 1.8 Hz, 1H), 6.05 (d, J= 1.8 Hz, 1H), 7.21–7.26 (m, 4H),
7.30–7.33 (m, 2H), 7.62–7.66 (m, 2H); 13C NMR (100 MHz,
CDCl3) d 0.3, 13.7, 61.0, 74.9, 118.6, 128.2, 128.6, 128.7,
129.9, 134.1, 134.9, 138.3, 139.5, 158.3, 164.9, 195.8. HRMS
calcd. for C22H24Cl2O4Si: 450.0821 [M
+]; found: 450.0823.
2.3.2. (Z)-ethyl-4-oxo-4-phenyl-2-(phenyl(trimethylsilyloxy)
methyl)but-2-enoate (10b)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 10b as a
yellow oil, 40 mg, yield 70%. 1H NMR (400 MHz, CDCl3) d
0.03 (s, 9H), 1.00 (t, J= 7.1, 3H), 3.86–3.98 (m, 2H), 5.53
(d, J= 1.8 Hz, 1H), 6.05 (d, J= 1.8 Hz, 1H), 7.21–7.26 (m,
4H), 7.30–7.33 (m, 2H), 7.62–7.66 (m, 2H); 13C NMR
(100 MHz, CDCl3) d 0.2, 13.6, 60.8, 75.6, 118.1, 126.9, 128.1,
128.2, 128.4, 128.7, 132.9, 136.5, 139.8, 159.2, 165.2, 197.2.
HRMS calcd. for C22H26O4Si: 382.1600 [M
+]; found: 382.1606.
2.3.3. (Z)-ethyl-4-(4-ﬂuorophenyl)-2-((4-ﬂuorophenyl)(trime-
thylsilyloxy)methyl)-4-oxo but-2- enoate (10c)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 10c as ayellow oil, 42 mg, yield 67%. 1H NMR (400 MHz, CDCl3) d
1.26 (t, J= 7.2 Hz, 3H), 2.35(s, 3H), 2.65–2.78 (m, 2H), 3.35
(br s, 1H), 4.17 (q, J= 7.2 Hz, 2H), 5.08–5.11 (m, 1H),
7.15–7.27 (m, 4H); 13C NMR (100 MHz, CDCl3) d 0.3,
13.7, 60.9, 74.9, 115.3 (d, J= 4.0 Hz), 115.5 (d, J= 3.5 Hz),
128.6 (d, J= 8.2 Hz), 131.2 (d, J= 9.4 Hz), 133.0 (d,
J= 2.9 Hz), 135.7 (d, J= 3.2 Hz), 158.8, 161.3, 163.7,
164.4, 165.0, 166.9, 195.5. HRMS calcd. for C22H24F2O4Si:
418.1412 [M+]; found: 418.1413.
2.3.4. (Z)-ethyl-4-oxo-4-m-tolyl-2-(m-tolyl(trimethylsilyloxy)
methyl)but-2-enoate (10d)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 10d as a
yellow oil, 30 mg, yield 49%. 1H NMR (400 MHz, CDCl3) d
0.00 (s, 8H), 0.96 (t, J= 7.1 Hz), 2.26 (s, 3H), 2.29 (s, 3H),
3.84–3.96 (m, 2H), 5.51 (s, 1H), 6.14 (s, 1H), 6.98–7.00 (m,
1H), 7.05–7.27 (m, 5H), 7.47–7.54 (m, 2H); 13C NMR
(100 MHz, CDCl3) d 0.00, 13.8, 21.4, 21.5, 60.9, 75.8, 117.9,
124.3, 126.2, 127.8, 128.1, 128.4, 129.0, 129.3, 133.8, 136.7,
137.9, 138.2, 140.0, 159.8, 165.5, 197.4. HRMS calcd. for C24-
H30O4Si: 410.1913 [M
+]; found: 410.1922.
2.3.5. (Z)-ethyl-4-(3-methoxyphenyl)-2-((3-methoxyphenyl)
(trimethylsilyloxy)methyl)-4–oxo but-2-enoate (10e)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 13 h as a
yellow oil, 50 mg, yield 76%. 1H NMR (400 MHz, CDCl3) d
0.00 (s, 8H), 0.96 (t, J= 7.1 Hz), 3.73 (s, 3H), 3.76 (s, 3H),
3.83–3.95 (m, 2H), 5.54 (s, 1H), 6.13 (s, 1H), 6.72–6.74 (m,
1H), 6.84–6.86 (m, 2H), 6.98–7.00 (m, 1H), 7.12–7.25 (m, 4H);
13C NMR (100 MHz, CDCl3) d 0.0, 13.9, 55.4, 55.5, 61.0,
75.7, 112.4, 112.6, 114.0, 118.4, 119.5, 120.2, 122.0, 129.3,
129.7, 138.1, 141.7, 159.3, 159.7, 159.9, 165.4, 196.9. HRMS
calcd. for C24H30O6Si: 442.1812 [M
+]; found: 442.1816.
2.3.6. (Z)-ethyl-4-(furan-2-yl)-2-(furan-2-yl(trimethylsilyloxy)
methyl)-4-oxobut-2-enoate (10f)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to 10f as a yellow
oil, 37 mg, yield 74%. 1H NMR (400 MHz, CDCl3) d 0.00 (s,
9H), 0.99 (t, J= 7.1 Hz, 3H), 3.94 (q, J= 7.1 Hz, 2H), 5.57
(s, 1H), 6.15–6.16 (m, 2H), 6.29 (s, 1H), 6.36 (s, 1H), 6.88 (d,
J= 3.2 Hz, 1H), 7.25 (s, 1H), 7.45 (s, 1H); 13C NMR
(100 MHz, CDCl3) d 0.0, 14.2, 61.3, 69.0, 109.3, 110.8, 112.6,
118.8, 120.5, 143.1, 147.2, 151.9, 152.8, 154.8, 165.4, 183.7.
HRMS calcd. for C18H22O6Si: 362.1186 [M
+]; found: 362.1185.
2.3.7. (Z)-ethyl-4-(naphthalen-2-yl)-2-(naphthalen-2-yl(trimeth
ylsilyloxy)methyl)-4-oxobut-2-enoate (10g)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 13 l as a
yellow oil, 64 mg, yield 89%. 1H NMR (400 MHz, CDCl3) d
0.00 (s, 8H), 0.90 (t, J= 7.0 Hz, 3H), 3.78–3.90 (m, 2H),
5.82 (s, 1H), 6.22 (s, 1H), 7.41–7.55 (m, 5H), 7.72–7.80 (m,
6H), 7.90–7.92 (m, 1H), 8.11 (s, 1H); 13C NMR (100 MHz,
CDCl3) d 0.0, 13.8, 60.9, 76.0, 118.9, 124.1, 124.8, 126.3,
126.6, 127.8, 128.1, 128.2, 128.5, 128.6, 129.7, 131.2, 132.5,
133.2, 133.4, 134.3, 135.7, 137.6, 159.5, 165.3, 197.1; HRMS
calcd. for C30H30O4Si: 482.1913 [M
+]; found: 482.1915.
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Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 9h as a
yellow oil, 74 mg, yield 85%. 1H NMR (400 MHz, CDCl3) d
1.22 (t, J= 7.2 Hz, 3H), 2.72–2.84 (m, 2H), 3.55 (br s, 1H),
4.15 (q, J= 7.2 Hz, 2H), 5.25–5.28 (m, 1H), 7.42–7.48 (m,
3H), 7.78–7.80 (m, 4H); 13C NMR (100 MHz, CDCl3) d
14.2, 43.4, 60.9, 70.4, 123.8, 124.5, 126.0, 126.2, 127.7, 128.0,Table 1 Evaluation of reaction conditions.a
N N ArAr
1
Ar=2,6-(i-Pr)2C6H3
N NAr
2
Ar=1,3,5-Me
S N Bn
4
OH S NOH
5
Cl
CHO
+ Me3Si CO2Et
NHCs, ba
7a 8c
Cl
Entry NHC Conditions
1b 1, (5 mol%) rt, 60 min
2c 1, (5 mol%) rt, 60 min
3 1, (5 mol%) rt, 60 min
4 1, (5 mol%) 0 C, 60 min
5 1, (5 mol%) 10 C, 60 min
6 1, (5 mol%) 20 C, 60 min
7 1, (5 mol%) 50 C, 60 min
8 1, (4 mol%) 20 C, 60 min
9 1, (3 mol%) 20 C, 60 min
10 1, (2 mol%) 20 C, 60 min
11 1, (1 mol%) 20 C, 60 min
12d 2, DBU(2 mol%) 20 C, 60 min
13d 2, DIPEA(2 mol%) 20 C, 60 min
14d 2, Cs2CO3(2 mol%) 20 C, 60 min
15d 3, DBU(2 mol%) 20 C, 60 min
16d 4, DBU(2 mol%) 20 C, 60 min
17d 5, DBU(2 mol%) 20 C, 60 min
18d 6, DBU(2 mol%) 20 C, 60 min
19 1, (2 mol%) 20 C, 60 min
20 1, (2 mol%) 20 C, 60 min
21 1, (2 mol%) 20 C, 60 min
22 No catalyst 20 C, 60 min
a 7a:8c= 1:1, solvent:1.0 mL.
b Using trimethylsilyl acetylene.
c Using 1-trimethylsilyl-2-phenylacetylene.
d Using 6 mol% NHC-precursors and 5 mol% base.
e Isolated yield based on aldehyde.128.4, 133.0, 133.3, 140.0, 172.4; HRMS calcd. for C16H22O3-
Si: 290.1338 [M+]; found: 290.1336.
2.3.9. Ethyl 4-(2-chlorophenyl)-4-(trimethylsilyloxy)but-2-
ynoate (9i)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 9i as a
yellow oil, 63 mg, yield 68%. 1H NMR (400 MHz, CDCl3) dAr
3C6H2
N N ArAr
3
Ar=2,6-(i-Pr)2C6H3
N
N
N
Ph
6
Me
CI l
Cl Cl
O CO2Et
OTMS
Cl
Cl
10a
se, Solvent
T
Cl
OTMS
CO2Et
9a
Solvent (9a) yield (%)e (10a) yield (%)e
DCM – –
DCM – –
DCM <10 44
DCM – 53
DCM – 60
DCM – 73
DCM – 71
DCM – 67
DCM – 78
DCM – 90
DCM – 28
DCM – 43
DCM – 75
DCM – 37
DCM – 11
DCM – –
DCM – –
DCM – –
THF – 33
Toluene – 67
DMF – 76
DCM – –
210 G.-F. Du et al.1.26 (t, J= 7.2 Hz, 3H), 2.79–2.92 (m, 2H), 3.32 (br s, 1H),
4.18 (q, J= 7.2 Hz, 2H), 5.11–5.14 (m, 1H), 6.26–6.33 (m,
2H), 7.36–7.37 (m, 2H); 13C NMR (100 MHz, CDCl3) d 0.0,
14.0, 61.4, 62.1, 76.8, 86.0, 127.3, 128.5, 129.5, 129.7, 132.0,
137.1, 153.4. HRMS calcd. for C15H19ClO3Si: 310.0792
[M+]; found: 310.0791.
2.3.10. Ethyl 4-(2-(triﬂuoromethyl)phenyl)-4-(trimethylsilyl-
oxy)but-2-ynoate (9j)
Prepared according to general procedure and puriﬁed by chro-
matography on silica gel (PE–EtOAc, 80:1) to afford 9j as a
yellow oil, 36 mg, yield 35%. 1H NMR (400 MHz, CDCl3) d
0.00 (s, 7H), 1.09 (t, J= 7.2 Hz, 3H), 4.02 (q, J= 7.2 Hz,
2H), 5.69 (s, 1H), 7.24 (t, J= 7.6 Hz, 1H), 7.40–7.45 (m,
2H), 7.75 (d, J= 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3)
d 0.1, 14.0, 60.3 (q, J= 2.7 Hz), 62.1, 77.2, 86.2, 122.7,
125.6 (q, J= 5.7 Hz), 126.7, 128.5, 129.3, 132.6 (d,
J= 0.6 Hz), 138.6 (d, J= 1.2 Hz), 153.3; HRMS calcd. for
C16H19F3O3Si: 344.1056 [M
+]; found: 344.1059.Table 2 Reaction of ethyl-3-(trimethylsilyl)propiolate with aldehyd
+ Me3Si CO2Et
IPr, DCM, -20 oC
7 8c
RCHO
Entry Aldehydes Products
1 CHO
Cl
O
Cl
2 CHO O C
3 CHO
F
O C
F
4
Me
CHO O CO
O
CH3
5
OMe
CHO O CO2
O
OMe3. Results and discussion
At the outset, the coupling of trimethylsilyl acetylene and 1-
trimethylsilyl-2-phenylacetylene to 4-chlorobenzaldehyde was
examined under the catalysis of 1,3-bis(2,6-diisopropyl-
phenyl)imidazol-2-ylidene (Table 1). Unfortunately, no desired
addition products were produced (Table 1, entries 1 and 2). We
concluded that an electron withdrawing group on the trimeth-
ylsilyl alkyne may activate the silylated reagent. With this idea
in mind, we set out to examine the addition between 3-trimeth-
ylsilyl propiolate and 4-chlorobenzaldehyde. To our surprise,
the alkynylation product 9a was obtained in very low yield.
However, an unexpected b-acylated MBH adduct 10a was iso-
lated in 44% yield (Table 1, entry 3). Inspired by these results,
we next optimized the reaction conditions for selective synthe-
sis of 10a. Conducted the reaction at 0 C, 10 C and 20 C,
respectively, the yield of 10a increased from 53% to 73%
(Table 1, entries 4–6). Further lowered the reaction tempera-
ture to 50 C, no increasing of the reaction yield wases.a
R
O CO2Et
R
OTMS
10
R
OTMS
CO2Et
9
(9) Yield (10) Yieldb
CO2Et
OTMS
Cl – 90
O2Et
OTMS
– 70
O2Et
OTMS
F – 67
2Et
TMS
CH3
– 49
Et
TMS
OMe
– 76
OR
N
N
Ar
Ar
Me3Si
N NAr Ar
EtO2C
RCHO
OH
R
N
N
Ar
Ar
HO
RN
N
Ar
Ar
TMS OEt
O
RCHO
HO
RN
N
Ar
Ar
TMS
CO2Et
O
R
TMS
O
EtO
R CO2Et
HO R
TMSO
10
I
II
III
IV
TMS
O
OEt NN
Ar
Ar
Me3Si
OEt
O
V
RCHO
9
A B
Scheme 1 Proposed mechanism.
Table 2 (continued)
Entry Aldehydes Products (9) Yield (10) Yieldb
6 O
CHO
O
O
CO2Et
TMSO
O
– 74
7 CHO O CO2Et
OTMS
– 89
8
Me
CHO OH
CO2EtMe
85 –
9 CHO
Cl
OTMS
CO2EtCl
68 –
10
CHO
CF3
CF3
OTMS
CO2Et
35 –
a 7: 8c= 1:1, 1.0 mL CH2Cl2, 2 mol% IPr, 1–2 h.
b Isolated yield based on aldehyde.
N-heterocyclic carbene catalyzed additions of 3-trimethylsilyl propiolate to aldehydes 211observed (Table 1, entry7). Interestingly, decreased the catalyst
loading to 2 mol%, the yield of 10a increased to 90% (Table 1,
entries 8–10). Further decreased IPr to 1 mol% led to a dra-
matic decrease of the reaction yield (Table 1, entry 11). NHCs
generated from precursor 2 and different base such as DIPEA,
DBU, Cs2CO3 can also promote the coupling reaction with
different efﬁciency (Table 1, entries 12–14). To our surprise,NHCs generated from imidazolinium, thiazolium or triazoli-
um were ineffective for the reaction (Table 1, entries 15–18).
Other reaction media such as THF, toluene and DMF were
also surveyed, the experiment results indicated that DCM
was the best choice with respect to yield (Table 1, entries 19–
21). And ﬁnally, a control experiment showed that no reaction
occurred in the absence of NHCs (Table 1, entry 22).
212 G.-F. Du et al.With the optimal reaction conditions in hand (2 mol% IPr,
20 C in DCM), the generality of the reaction was then eval-
uated and the results are summarized in Table 2. Benzaldehyde
and para- or meta- substituted benzaldehydes were all suitable
substrates for the coupling reaction, giving b-acylated MBH
adducts in good yields (Table 2, entries 1–5). Heteroaromatic
aldehyde and b-naphthaldehyde were also proved to be good
candidates for this reaction, provided b-branched MBH ad-
ducts 10f and 10g in 74% and 89% yields, respectively (Table 1,
entries 6 and 7). Interestingly, when ortho-substituted benzal-
dehydes were used for the reaction, no MBH adducts were
produced and the alkynylation product 9 was isolated as the
major product (Table 1, entries 8–10). This reaction selectivity
may be attributed to the steric repulsion between the ortho-
substituents and intermediate II.
Two possible mechanisms were proposed and depicted in
Scheme 1. For part A, NHC adds to aldehyde to form acyl an-
ion equivalent I, followed by conjugated addition to 3-trimeth-
ylsilyl propiolate to form allenolate intermediate II, which
adds to a second equivalent of aldehyde to form intermediate
III, and after silyl-transfer to give intermediate IV, which could
tautomerize to 10 with release of NHC. For the second path-
way, NHC attacks the silicon atom of 3-trimethylsilyl propio-
late to form a possible pentavalent silicon intermediate V, and
the silicon-carbon bond was activated, which might trigger the
following addition to aldehyde and after silyl-transfer to give
the alkynylation product.4. Conclusion
In summary, we have demonstrated a NHC-mediated addition
reaction of 3-trimethylsilylpropiolate with aldehydes. The low
catalyst loading, simple procedure provide a valuable method
for the preparation of b-acylated MBH adducts and propargy-
lic alcohols. Further study of the reaction selectivity and de-
tailed mechanism are underway in our laboratory.Acknowledgements
This work was supported by the National Natural Science
Foundation of China (No. 21162022, 21262027) and the Team
Innovation Project of Shihezi University (No. 2011ZRKXTD-
04, 2012ZRKXJQ06).
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jscs.2013.
12.007.
References
[1] Y. Wei, M. Shi, Recent advances in organocatalytic asymmetric
MoritaBaylisHillman/aza-MoritaBaylisHillman reactions,
Chem. Rev. (2013), http://dx.doi.org/10.1021/cr300192h.[2] D. Basavaiah, B.S. Reddy, S.S. Badsara, Recent contributions
from the Baylis–Hillman reaction to organic chemistry, Chem.
Rev. 110 (9) (2010) 5447–5674.
[3] V. Declerck, J. Martinez, F. Lamaty, Aza–Baylis–Hillman
reaction, Chem. Rev. 109 (1) (2009) 1–48.
[4] T.E. Reynolds, C.A. Stern, K.A. Scheidt, N-heterocyclic
carbene-initiated a-acylvinyl anion reactivity: additions of a-
hydroxypropargylsilanes to aldehydes, Org. Lett. 9 (13) (2007)
2581–2584.
[5] T.E. Reynolds, C.A. Stern, K.A. Scheidt, Highly selective a-
acylvinyl anion additions to imines, Org. Lett. 10 (22) (2008)
5227–5230.
[6] T.E. Reynolds, K.A. Scheidt, Catalytic enantioselective a-
acylvinyl anion reactions of silyloxyallenes, Angew. Chem. Int.
Ed. 46 (47) (2007) 7806–7809.
[7] K. Wadhwa, V.R. Chintareddy, J.G. Verkade,
P(PhCH2NCH2CH2)3N: an efﬁcient Lewis base catalyst for the
synthesis of propargylic alcohols and MoritaBaylisHillman
adducts via aldehyde alkynylation, J. Org. Chem. 174 (17) (2009)
6681–6690.
[8] Y. Matsuya, K. Hayashi, H. Nemoto, A novel modiﬁed Baylis–
Hillman reaction of propiolate, J. Am. Chem. Soc. 125 (2003)
646.
[9] Y. Matsuya, K. Hayashi, H. Nemoto, A new protocol for the
consecutive – and b-activation of propiolates towards
electrophiles, involving conjugate addition of tertiary amines
and intramolecular silyl migration, Chem. Eur. J. 11 (18) (2005)
5408–5418.
[10] D. Enders, O. Niemeier, A. Henseler, Organocatalysis by N-
heterocyclic carbenes, Chem. Rev. 107 (12) (2007) 5606–5655.
[11] A. Grossmann, D. Enders, N-heterocyclic carbene catalyzed
domino reactions, Angew. Chem. Int. Ed. 51 (11) (2012) 314–
325.
[12] N. Marison, S.D. Gonza´lez, S.P. Nolan, N-heterocyclic
carbenes as organocatalysts, Angew. Chem. Int. Ed. 46 (2007)
2988–3000.
[13] J.J. Song, Z. Tan, J.T. Reeves, N.K. Yee, C.H. Senanayake, N-
heterocyclic carbene-catalyzed Mukaiyama aldol reactions, Org.
Lett. 9 (6) (2007) 1013–1016.
[14] G.F. Du, L. He, C.Z. Gu, B. Dai, N-heterocyclic carbene
catalyzed vinylogous aldol reaction of 2-(trimethylsilyloxy)furan
and aldehydes, Synlett 16 (2010) 2513–2517.
[15] Z.H. Cai, G.F. Du, L. He, C.Z. Gu, B. Dai, N-heterocyclic
carbene catalyzed hydrophosphonylation of aldehydes,
Synthesis 13 (2011) 2073–2078.
[16] Z.H. Cai, G.F. Du, L. He, B. Dai, Nucleophilic carbene
mediated hydrophosphonylation of aldimines, Synthesis 44
(2012) 694–695.
[17] Y.C. Fan, G.F. Du, W.F. Sun, W. Kang, L. He, N-heterocyclic
carbene-catalyzed cyanomethylation of aldehydes with
TMSAN, Tetrahedron Lett. 53 (2012) 2231–2233.
[18] X.L. Zou, G.F. Du, W.F. Sun, L. He, X.W. Ma, C.Z. Gu, B.
Dai, N-heterocyclic carbene mediated Reformatsky reaction of
aldehydes with a-trimethylsilylcarbonyl compounds,
Tetrahedron 69 (2013) 607–612.
[19] J.J. Song, Z. Tan, J.T. Reeves, F. Gallou, N.K. Yee, C.H.
Senanayake, N-Heterocyclic carbene catalyzed
triﬂuoromethylation of carbonyl compounds, Org. Lett. 7 (11)
(2005) 2193–2196.
[20] J. Raynaud, A. Ciolino, A. Baceiredo, M. Destarac, F.
Bonnette, T. Kato, Y. Gnanou, T. Taton, Harnessing the
potential of N-heterocyclic carbenes for the rejuvenation of
group-transfer polymerization of (meth) acrylics, Angew. Chem.
Int. Ed. 51 (11) (2008) 314–325.
